Abstract
Introduction

Bone marrow derived cells (BMCs) contribute to angiogenesis by differentiating into endothelial cells, smooth muscle cells and pericytes, and by secreting angiogenic proteins that support vessel growth and maturation [1-3]. The chemotactic cytokine stromal cell-derived factor-1 (SDF-1) plays a key role in mobilizing cells from the bone marrow and promoting homing of the cells to target tissues. SDF-1 acts by binding and activating the cell surface receptor CXCR4 on target cells [4, 5]. CXCR4 is essential for homing and maintenance of haematopoietic stem cells (HSCs) in distinct stromal cell niches within the marrow. CXCR4 surface expression varies between cell types. Most mesenchymal stem cells (MSCs) do not express CXCR4 [6] but endothelial progenitor cells (EPCs) express relative high surface CXCR4
. Angiogenesis is also impaired by aging [16] [17] [18] . The molecular basis of these defects is not known.
We 
Materials and methods
More detailed information is provided in the Supporting Information.
Flow cytometry analysis of surface CXCR4 on BMCs
Real time RT-PCR
Migration assay
A modified Boyden chamber assay (n ϭ 3) was performed as previously described [20] . 
BMC Homing
Analysis of recovered tissues
Capillary endothelium was illustrated by alkaline phosphatase staining on frozen sections [20] and CD31 immunostaining on paraffin section of 7 day muscle samples. Proliferating and CD34 ϩ cells were detected by immunohistochemical staining using anti-Ki67 and anti-CD34 antibodies, respectively, on paraffin sections of 7 day muscle samples as described [20] .
Bone marrow transplantation
Bone marrow in femurs and tibias from young and old mice was harvested as described [9] . Figure 1A , 
Results
Aged mice have impaired angiogenic response to ischemia and SDF-1 therapy
We used an ischemic hindlimb model to measure the effect of age on angiogenesis and the response to cell therapy using SDF-1 gene transduced cells (see 'Materials and methods'). As shown in
CXCR4 expression in subgroups
To further examine CXCR4 expression in the subpopulation of BMCs and to determine whether a subset of cells was selectively impaired during aging, we compared CXCR4 expression in subpopulations of BMC from young and old mice. As shown in Figure 4 and Table 1 , we found that cell composition in BMCs was similar between old and young mice in the examined subsets except the lineage negative subpopulation which is significantly higher in young mice than old mice (Fig. 4A) (Fig. 4) .
A muted signalling response to SDF-1 in BMC (Fig. S3 ).
Defective SDF-1 mobility of aged BMCs in vitro
Boyden chamber assays were use to quantify the migration of BMCs from young and old mice in response to a gradient of SDF-1. As indicated in Figure 6A, (Fig. 6B) . The changes due to transplantation were not significantly different in either case. Similarly transplantation did not change basal or calciumstimulated mobility toward SDF-1 (Fig. 6A) . (Fig. 6) , indicating that the change in CXCR4 expression is irreversible.
In vivo homing of BMCs from old mice is impaired
To determine whether impaired CXCR4 expression affects the ability of cells to home to ischemic muscle, BMCs were isolated from young and old GFP mice and pre-treated with PBS alone or
Our results provide the first evidence that defective CXCR4 amount and function of bone marrow progenitors contributes to impaired neovascularization in aged animals. This is consistent with reports that age-related dysfunctions can be reversed by gene-mediated overexpression of CXCR4 [24] .
There was a selective effect of aging on BMC subpopulations (Table 1 ). The number of lineage negative BMCs were significantly reduced in older mice while other subpopulations were not significantly altered (Fig. 4A) (Fig. 4 and Table 1 ).
These results agree with the reports [26, 27] [26, [28] [29] [30] as we observed, while other studies [26, 27] [34] [35] [36] . Aging causes deficient expression and defective function of angiogenic growth factors [16] . Reduced SDF-1␣ levels in aged wounds was also reported [37] . Cellular responses to stimulation on CXCR4 expression are cell specific. For example proliferation stimuli decrease CXCR4 expression in lymphocytes [38] , but increase CXCR4 expression in MSC and possibly in glial progenitors [39, 40] 
